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neutrophils and mitogenic activity on murine splenocytes by binding to the carbohydrate chains on 48 target cells (Nakagawa et al. 1996; Takei and Nakagawa 2006) . N-terminal sequence analysis of 49 SUL-I suggested that this lectin has some similarity with rhamnose-binding lectins (RBLs), majority 50 of which have been isolated from fish eggs (Tateno 2010) . RBLs are also referred to as the sea urchin 51 egg lectin (SUEL ) family because of their homology with those found in the eggs of the sea urchin 52
Anthocidaris crasssispina. Till date, the lectins having homology with SUEL have mostly been 53 found in fish eggs, while some homologous proteins have also been found in mammals, e.g., mouse 54 latrophilin-1, a putative G-protein-coupled receptor involved in synaptic function (Vakonakis et al. 55 2008). 56 In various organisms, lectins are known to play important roles in molecular and cellular 57 recognition processes because of the vast diversity of the carbohydrate chain structures on their 58 surface. Lectins are categorized into several families (Kilpatrick 2002) . Among these, two major 59 groups are C-type lectins and galectins (S-type lectins) (Drickamer 1988) . C-type lectins were named 60 owing to their Ca 2+ -dependent carbohydrate-binding activity, and these lectins contain common 61 carbohydrate-recognition domains (CRDs) composed of 110-130 amino acid residues. They are 62 distributed in various organisms and are known to play important roles in various biological 63 molecular recognition systems, including the immune system and cell adhesion processes 64 (Drickamer 1999) . Some C-type lectins and C-type lectin-like proteins (Zelensky and Gready 2005) 65 have also been found abundantly in snake venoms (Igci and Demiralp 2011) . They contribute to the 66 (TBS; 10 mM Tris-HCl pH 7.5, 0.15 M NaCl), the protein was purified by affinity chromatography 124 using the lactose-Cellulofine column (1.4 × 4 cm). Protein concentrations were determined from the 125 molar absorption coefficients at 280 nm calculated from the amino acid compositions of the proteins. 126 the changes in the scattering intensity were recorded. Values were corrected for dilution by the 149 addition of the sugar-PD solution. 150 151 2.7. Homology modeling 152
Homology modeling of SUL-I was performed using SWISS-MODEL server (Arnold et al. 153 2006) by the automatic modeling mode. For the construction of the model, the crystal structure of 154 CSL3 (PDB code 2ZX2) (Shirai et al. 2009) synthesis. Amplification of a DNA fragment was performed by PCR using the degenerate primers 161 DF1 and DR1 ( Fig. 1) , designed on the basis of the N-terminal amino acid sequence of SUL-I 162 (AVGRTXEGKSLDLEXPEGYIISVNYANYGRNSPGY) reported previously (Nakagawa et al. 163 1999) . As a result, a fragment of about 100 bp was amplified and its nucleotide sequence was 164 determined. The amino acid sequence deduced from the resulting fragment 165 (SLDLECPEGYIISVNYA) was found to correspond to residues 10-26 of SUL-I, in which 166 unknown residues designated as X were identified as cysteine (or half-cystine) residues. A primer 167 (IF1) was then designed on the basis of this sequence and used for 3′-RACE to determine the 168 3′-terminal sequence of cDNA. Further amplification of cDNA was peformed by 3′-RACE as well as 169 5′-RACE using the primers F1, F2, R1, and R2, leading to the total cDNA sequence of SUL-I, as 170 shown in Fig. 1 . The open reading frame of SUL-I consists of 927 bp, corresponding to 308 amino 171 acid residues. The 24 N-terminal amino acid residues were assumed to be the signal sequence, and 172 the mature protein contains 284 amino acid residues with a molecular mass of 30,489 Da.
Comparison of the amino acid sequence of SUL-I 175
BLAST search for the homologous proteins of SUL-I revealed sequence similarities with 176 several RBLs (Fig. 2) (Tateno 2010) . While the highest similarity was found with the putative RBL 177 from the sea urchin (Strongylocentrotus purpuratus) egg (65% identity), SUL-I showed apparent 178 similarities with RBLs distributed among diverse species, ranging from invertebrate to vertebrate 179 organisms. Many RBLs have been found in fish eggs, and they are mostly composed of two or three 180 domains with approximately 90 amino acid residues, which are referred to as SUEL domains on the 181 basis of the similarities with the sea urchin (Anthocidaris crassispina) egg lectin (Ozeki et al. 1991) . 182 SUL-I was also found to contain three SUEL-like domains. When these sequences were aligned with 183 those of two SUEL domains of the chum salmon (Oncorhynchus keta) egg lectin CSL3, apparent 184 similarities, including cysteine (or half-cystine) residues, except for Cys97 and Cys123, were 185 observed ( Fig. 3 ). Because these cysteine residues are known to form intradomain disulfide bonds 186 (Shirai et al. 2009 ), the similarity of the positions of cysteine residues strongly suggests that they 187 adopt similar tertiary structures. Identical residues are relatively abundant around the C-terminal part 188 of the domains, which reflects that the C-terminal portion is important to construct 189 carbohydrate-binding sites, as revealed by X-ray crystallographic analysis of CSL3 (Shirai et al. 190 2009). 191 192 
Expression and purification of SUL-I 193
To characterize SUL-I, including carbohydrate-binding ability, the gene encoding mature inserted into a pET-3a vector and the recombinant protein (rSUL-I) was expressed using E. coli cells. 195 The expressed protein was exclusively recovered from inclusion bodies after the disruption of the 196 induced cells. Therefore, they were once solubilized using 6 M guanidine hydrochloride and then 197 refolded in the buffer containing arginine to promote refolding in a soluble form. The resulting 198 solubilized protein was then subjected to affinity chromatography using the lactose-Cellulofine 199 column. As shown in Fig. 4 , after washing the unadsorbed proteins from the column, the adsorbed 200 proteins were eluted with 0.2 M galactose-containing buffer. SDS-PAGE of these fractions showed a 201 band around 30 kDa ( Fig. 4B ), indicating that rSUL-I was successfully refolded and exhibited a 202 galactose-binding ability. N-terminal amino acid sequence analysis confirmed the sequence up to 20 203 residues (AVGRTXEGKSLDLEXPEGYI), in which X was assumed to be cysteine (half-cysteine) 204 that cannot be detected with the protein sequencer. The initiator methionine residue was found to be 205 cleaved off after synthesis. The final yield of active rSUL-I was 1.2 mg from the culture of 1 l. 206 207
Carbohydrate-binding ability of rSUL-I 208
The hemagglutinating activity of rSUL-I was examined using rabbit erythrocytes. As shown in 209 Fig. 5 , after serially diluted rSUL-I solution was mixed with erythrocyte suspension, agglutination of 210 the cells was observed at as low as 3.1 µg/mL. This revealed that rSUL-I can bind to the 211 carbohydrate chains on rabbit erythrocytes and has more than one carbohydrate-binding site per 212 protein molecule, which is necessary to hemagglutinate the cells. To evaluate the relative affinity of 213 rSUL-I for various carbohydrates, a binding assay using sugar-PD (Hatakeyama et al. 2012) was 214 performed. As shown in Fig. 6 , when rSUL-I was mixed with sugar-PDs containing lactose-, 215 melibiose-, or maltose-PD, the formation of the complexes was observed by the increase in light 216 scattering at 420 nm. The highest increase was observed for lactose-PD, followed by melibiose-PD, 217 although the latter showed a gradual decrease in light scattering with its increasing concentration. 218
Based on these results, a competitive binding assay was performed using lactose-PD. After the 219 incubation of rSUL-I with lactose-PD to pre-form their complex, several competitive carbohydrates 220 were serially added, and the changes in light scattering were measured. As shown in Fig. 7 , a 221 decrease in the light scattering indicated that L-rhamnose shows the highest affinity for rSUL-I, 222 followed by lactose, whereas galactose and glucose induce very low inhibition. These results 223 revealed that rSUL-I can bind L-rhamnose more strongly than other galactose-related carbohydrates, 224 as could be predicted from the similarities with RBLs as mentioned above. Asn174 and Asp179 located in this region, in addition to Glu107 that is another conserved residue in 239 the N-terminal portion of the domain (Fig. 3) . The loop composed of Cys181-Thr184 also appears to 240 be important for maintaining appropriate orientation of the sugar at the binding site. On the other 241 hand, Gln143 of CSL3, which forms van der Waals contact with the methyl group at the 6th position 242 of rhamnose, is missing in SUL-I. 
Discussion 246
Several biologically active proteins, including lectins, have been isolated from the venomous 247 sea urchins, e.g., galactose-specific lectins SUL-I, II, and III from T. pileolus, and heparin-binding 248 lectin TGL-1 from Tripneustes gratilla (Edo et al. 2012; Nakagawa et al. 2003; Sakai et al. 2013), 249 whereas very limited structural information has been obtained till date. Among these, SUL-I was 250 characterized as a galactose-specific lectin, which exerts several biological activities such as 251 chemotactic, mitogenic, and cytotoxic activities (Nakagawa et al. 2003; Nakagawa et al. 1999; Satoh 252 et al. 2002; Takei and Nakagawa 2006) . These activities were assumed to be induced via binding of 253 lectin to the cell surface carbohydrate chains. The various biological activities of SUL-I suggest that 254 SUL-I as well as other T. pileolus lectins play significant roles in the toxic action of the T. pileolus 255 venom in cooperation with the other substances by disturbing normal cellular functions. To elucidate 256 a detailed mechanism of the actions of SUL-I, it is very important to determine the structure of 257 SUL-I, along with the characterization of the carbohydrate-binding properties. In the present study, 258
we performed cDNA cloning and expression of SUL-I to obtain its structural and functional 259 information. 260
The complete amino acid sequence deduced from cDNA revealed that SUL-I has apparent 261 homology with ;RBLs from various organisms. RBLs are known to contain SUEL-domains and 262 categorized on the basis of their domain structures (Tateno 2010). Many RBLs have been found in 263 fish eggs, and they contain two or three SUEL domains tandemly repeated in a single polypeptide 264 chain. From the deduced amino acid sequence, SUL-I was found to contain three SUEL domains, in 265 which several amino acid residues are conserved compared with other SUEL domains, suggesting 266 that SUL-I can also basically recognize carbohydrates in a similar manner as the other related lectins. 267 rSUL-I was successfully expressed in E. coli cells, although its yield was relatively low. 268
Because the expressed protein was recovered from the inclusion bodies, they were solubilized via a 269 refolding process. The resulting soluble rSUL-I exhibited a binding ability toward the 270 lactose-immobilized affinity column. The hemagglutination assay using rabbit erythrocytes indicated 271 that rSUL-I has more than one carbohydrate-binding site per molecule. Therefore, it seems likely that 272 all three SUEL domains are functional in terms of the carbohydrate-binding ability because of their 273 similarity, particularly around the C-terminal conserved region. The binding specificity of rSUL-I 274 toward several different carbohydrates was examined by the binding assay using sugar-PD, which we 275 have developed as a simple and sensitive assay method to examine carbohydrate-binding activity of 276 lectins (Hatakeyama et al. 2012) . When rSUL-I was incubated with sugar-PDs containing lactose, 277 melibiose, or maltose, the highest increase in the complex between lectin and the sugar-PD was 278 observed for lactose-PD, suggesting that SUL-I preferably binds β-galactoside rather than 279 α-galactoside (melibiose-PD). On the other hand, the competitive inhibition experiments revealed 280 that rSUL-I can bind to L-rhamnose with the highest affinity among the sugars tested, while lactose 281 also showed a comparable affinity. These results confirmed that SUL-I is RBL, as predicted from its 282 primary structure. Among RBLs known till date, the tertiary structure was only determined for CSL3 283 from chum salmon (O. keta) eggs (Shirai et al. 2009 ). CSL3 is a lectin composed of two identical 284 subunits, each of which contains two CRDs tandemly repeated in a single polypeptide chain. As 285 shown in Fig. 3 , amino acid residues involved in the interaction with carbohydrates in SCL3 are 286 highly conserved with SUL-I. The homology model constructed using CSL3 suggested that the 287 structure of the carbohydrate-binding site and the rhamnose-recognition mechanism may be basically 288 similar between these proteins. However, there is a conspicuous difference that the residue 289 corresponding to Gln143 of CSL3, which makes van der Waals contact with bound rhamnose, is 290 missing in SUL-I (Fig. 8) . It seems possible that such a structural difference in the 291 carbohydrate-binding site may be closely related to their target molecules. On the other hand, it is 292 also a significant difference that SUL-I has three domains in its polypeptide chain, although CSL3 293 has two domains. Elucidation of the natural target molecules would provide important clues to 294 clarify the physiological role of SUL-I. Further studies regarding molecular-recognition mechanisms 295 as well as the three-dimensional structure of SUL-I would provide valuable insights into the role of 296 this lectin as a toxic component in the venom of T. pileolus. 297
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